[1] The M 2 tidal circulation in Algeciras Bay (Strait of Gibraltar) is analyzed using a 3-D, nonlinear, baroclinic, hydrodynamic model, in conjunction with observed data series. Results show the influence of the density stratification on the vertical structure of the M 2 currents in Algeciras Bay, although its tidal dynamics shows major differences with respect to the Strait of Gibraltar. Whereas the M 2 currents in the Strait present mainly barotropic behavior, the baroclinic effects prevail in Algeciras Bay. A notable finding is the presence of a tidal M 2 counter-current system between the upper Atlantic and the lower Mediterranean water layers within the Bay, with amplitudes of up to 25 cm s À1 . The interface between the two layers oscillates in antiphase relation with respect to the freesurface elevation, with amplitudes of almost 20 m. The presence of the submarine Algeciras Canyon was found to be determinant in the three-dimensional structure of tidal currents within the Bay, strengthening the baroclinic tidal regime of currents. This situation has quantitative consequences for the flow-exchange processes between Algeciras Bay and the outer Strait, with rates 20 times higher than those obtained when considering only the barotropic behavior, as well as inflow/outflow lateral recirculation volumes during half a tidal cycle that account for more than 20% of the net accumulated volume. This flowexchange system was found to be affected by the nonlinear interaction processes between the first baroclinic period of resonance of Algeciras Bay and the M 2 tide. 
Introduction
[2] The displacement of the isopycnal surfaces around the pycnocline and changes in the vertical structure of tidal currents are two of the physical manifestations of tidal phenomena in stratified domains. This paper analyzes the M 2 tidal circulation in Algeciras Bay, and highlights the differences from the vertical structure dominant in the adjacent Strait of Gibraltar. The well-known hydrodynamic system of the Strait of Gibraltar is determined mainly by a mesotidal, semidiurnal regime, in conjunction with a strongly stratified water column due to the flow exchange between Atlantic and Mediterranean waters [see, e.g., Candela et al., 1990; Mañanes et al., 1998 ]. Other important contributions are made by subinertial processes related to the meteorology [Lacombe and Richez, 1982; Candela et al., 1989; Dorman et al., 1995; V azquez et al., 2008] . The tidal dynamics of the Strait of Gibraltar has also been studied extensively. The most remarkable characteristic is the small variability of the vertical profiles of tidal currents, particularly those related to the dominant M 2 constituent. This behavior is shown by field data from current profilers throughout the water column [Bruno et al., 2000; Tsimplis, 2000] , and explains the good agreement between barotropic, depth-averaged models of the Strait [e.g., Tejedor et al., , 1999 and three-dimensional models [Sannino et al., 2007] . For the principal astronomical tidal constituents, the barotropic mode accounts for more than 90% of total variance of tidal currents over the Camarinal Sill [Candela et al., 1989; Bruno et al., 2000; S anchez-Rom an et al., 2008] and about 70% in the eastern side of the Strait [Garc ıa-Lafuente et al., 2000] . However, in particular areas of the Strait of Gibraltar, such as Algeciras Bay, this may be not the case. In this study, we try to verify if the general M 2 tidal dynamics of the Strait as a whole is also representative of this Bay.
[3] Algeciras Bay constitutes a semienclosed environment located at the northeastern limit of the Strait of Gibraltar ( Figure 1) , with particular economic importance due to high population density, intensive port activities, and coastal petrochemical industries. The depth of the Bay reaches 500 m near the mouth of the Algeciras Canyon, a submarine canyon that constitutes its longitudinal axis. Due to the wide and deep connection between Algeciras Bay and the Strait of Gibraltar, the hydrodynamic regime of the Bay is determined to a great degree by that of the Strait. This argument is supported by A lvarez et al. [2011] regarding the effects of incoming baroclinic internal wavefronts, generated in the Strait of Gibraltar over the Camarinal Sill, on the dynamics of Algeciras Bay. However, except for that study, the pioneer work by De Buen [1924] , the preliminary information published in the Environmental Quality Plan for the Campo de Gibraltar Dossier [2004] , and the recent work by Chioua et al. [2013] , there are notably few studies of this topic. In particular, no specific studies have been conducted to date on the detailed characteristics of the M 2 tidal circulation in Algeciras Bay, nor its connection with the larger system constituted by the Strait of Gibraltar.
[4] In this paper, the M 2 tidal circulation in Algeciras Bay is described and discussed, with special emphasis on its vertical structure and the impact on the flow-exchange processes between the Bay and the Strait of Gibraltar. The effect of the Algeciras Canyon on the field of M 2 tidal currents within the Bay is analyzed as well. We use hydrodynamic modeling and a broad set of field data from tidal gauges, current meters, acoustic Doppler current profilers (ADCP), and salinity CTD sensors. Since the main focus of this study is the analysis of the tidal circulation related to the M 2 constituent, the spring and neap tidal cycles (resulting from the combination of the M 2 and S 2 constituents) are not considered. However, the behavior of the S 2 tidal dynamics in the Strait of Gibraltar was found to be analogous to that of the M 2 by Tejedor et al. [1999] , so the results presented here could constitute a first approach for the study of the S 2 characteristics as well. The paper is organized as follows: section 2 presents the main characteristics of the three-dimensional model and the numerical simulation. The experimental data set used in this study is described in section 3. The predicted M 2 tidal circulation is presented and compared with observational data in section 4. Section 5 gives a detailed description of the vertical structure of M 2 tidal currents within Algeciras Bay, emphasizing differences with respect to that of the outer Strait of Gibraltar, as well as the influence of the Algeciras Canyon. In section 6, we show the impact that the three-dimensional structure of currents may have on the water-exchange flows between the Bay and the Strait. Finally, a discussion on the main results is presented.
The 3-D Model
[5] The three dimensional, nonlinear, high resolution, baroclinic, hydrodynamic UCA 3-D model [A lvarez et al., 2011] solves numerically the 3-D primitive equations in sigma coordinates, as described by Mellor [1996] . The vertical viscosity and diffusion are parameterized by a Mellor and Yamada [1982] second-order closure scheme. The model splits the 2-D (depth-averaged) equations coupled to the 3-D schemes. The solution of the 2-D equations provides the free-surface elevation and the mean depthaveraged velocity profiles. In correspondence, the 2-D Figure 1 . Geography and bathymetry of the Strait of Gibraltar: (left) coinciding with the domain of the model) and (right) a detail of Algeciras Bay. The figure also shows the stations for the model comparison of M 2 surface elevation (crosses : 1-19), and current velocity profiles (solid circles) at the Camarinal Sill (CS1-CS4), the shoreline of Algeciras Bay (AS1-AS4), and the Algeciras Canyon (AC1 and AC2, the latter also used as a control point for different analyses); also shown are the transects where the vm-ADCP measurements of currents were carried out (black lines) at the head of the canyon (CT) and the mouth of the Bay (MT).
terms of advection, horizontal and vertical diffusivity, and baroclinic pressure gradient are calculated by the threedimensional equations by integrating over the depth, while the bottom stress is solved by matching the numerical solution to the ''law of the wall'' near the bottom, setting a standard drag coefficient C D ¼ 0.003. The equations are integrated on an Arakawa-C staggered grid using a semiimplicit Crank-Nicolson scheme for the horizontal structure equations, while an implicit scheme is used for the vertical diffusion terms in the 3-D equations [Richtmyer and Morton, 1967] .
[6] The grid domain includes the Strait of Gibraltar and the western zone of the Alboran Sea (see Figure 1 , left), with a horizontal resolution of 100 m and 50 sigma levels in the vertical. The bathymetry, shown in Figure 1 , was obtained from the Spanish Navy Hydrographic Institute (IHM) nautical charts. A radiation condition, written in terms of the deviations of tidal elevation and velocity from their observed values, was employed at the open boundaries to ensure the propagation of disturbances away from the model domain. The model was forced at the western and eastern open boundaries with a M 2 tidal wave, in terms of amplitudes and phases of free-surface elevation and velocity of currents, inferred from the previous studies by Tejedor et al. [1998] , Bruno et al. [2000] , Tsimplis [2000] , and Izquierdo et al. [2001] , using interpolation/extrapolation techniques and basic flow-conservation laws. Similarly, a steady baroclinic exchange was imposed at the boundaries, based on constant mean Atlantic and Mediterranean flows of 1.19 Sv (East directed) and 1.14 Sv (West directed), respectively, as inferred from the description given by Garc ıa-Lafuente et al. [2002] . The seasonal variability of this steady exchange was not taken into account since it is beyond the scope of this study, which only focuses on the M 2 tidal dynamics.
[7] The initial spatial distribution of salinity and temperature was prescribed as a horizontally homogeneous field, according to field data collected during the Experiment ''Strait 94-96'' and the results given by Bray et al. [1995] , Bruno et al. [2000] , and Izquierdo et al. [2001] . They show that the general pattern of the Strait is constituted by two density-defined water layers (the upper Atlantic and the lower Mediterranean), and a zone of transition between the layers at depths ranging from 50 to 200 m. In the model experiment, the initial depth of the interface between the two layers was $80 m, defined as the 37.5 isohaline according to Candela et al. [1989] and Bruno et al. [2002] . At the open boundaries, the salinity and temperature conditions are prescribed by means of a standard upstream advection scheme.
[8] The equations of motion were supplemented with smoothing terms, defined by a horizontal eddy diffusion operator acting throughout the model domain. The horizontal eddy viscosity coefficient was chosen to be as small as possible and, at the same time, capable of suppressing short wavelength disturbances in the field of tidal characteristics. These requirements were achieved by K 0 ¼ 0.05 m 2 s
À1
. The time step for integration was 2 s, which ensures the stability of the numerical solution.
[9] Output series from the last 10 M 2 cycles, once a steady time-periodic solution was achieved, were processed by techniques of harmonic analysis [Foreman and Henry, 1989 ] to obtain the M 2 tidal characteristics for the freesurface elevation, the 3-D tidal current field, and the interface between the upper Atlantic and the lower Mediterranean water layers. Additional details about the model and numerical experiment can be found in Alvarez et al. [2011] . Figure 1 ).
Tidal Currents
[11] The characteristics of the M 2 tidal currents within the study site were obtained from both available information and new data recordings. The vertical profiles of the M 2 current ellipse parameters over the Camarinal Sill published by Candela [1990] , Bruno et al. [2000] , and Tsimplis [2000] were used to describe the main characteristics of the M 2 tidal currents in the Strait of Gibraltar (CS1-CS4 in Figure 1 ). At the four stations located in nearshore areas of Algeciras Bay, the profiles of the ellipse parameters were obtained from the harmonic analysis of a 2 month experimental current series recorded during November to 
Water Salinity
[12] To obtain the stratification profile of the water column in Algeciras Bay, three CTDs at depths of 40, 100, and 175 m provided salinity, temperature, and pressure during 23 days in November 2006 with a sampling interval of 1 min, at the AC2 station over the Algeciras Canyon. Complementing these observations, the mean salinity profile at the same location was obtained by time-averaging CTD hourly casts during one M 2 tidal cycle, on 11 November 2006 at the end of the neap phase of the tide. , giving evidence of slight wave propagation south westwards. In Algeciras Bay, the amplitude of the M 2 tide remains around 33 cm and the cotidal lines indicate a northward propagation, as well as M 2 wave diffraction around the headland constituted by the Rock of Gibraltar. Within the Bay, the Greenwich tidal phase ranges from 46 at the mouth to 49 at the northeastern head.
Experimental Comparison of the Predicted
[14] The comparison between the predicted and observational M 2 tidal characteristics is shown in Figure 2b 
M 2 Tidal Currents
[15] Figure 3 shows the comparison of model results with the vertical profiles of M 2 current ellipse's parameters recorded in eight locations, four over the Camarinal Sill (CS1-CS4), and four close to the shoreline of Algeciras Bay (AS1-AS4). Over the Camarinal Sill (Figure 3a) , the vertical profiles of the M 2 current ellipse parameters reveal a predominant barotropic pattern. Here, for every station, for the phases. The relatively high RMS errors at the AS1 and AS4 stations could be related to: (a) local-scale bathymetric features not considered by the model, which would imply differences in the effect of bottom friction and (b) the low correlation coefficients (50% 6 20%) of the harmonic analysis of observed currents at different depths at these locations, due to the weakness of tidal currents and the complexity related to other possible forcing mechanisms. However, these data require further comments. Note that, in the shallow AS1, AS3, and AS4 stations, the characteristics of the M 2 tidal currents show greater vertical homogeneity than at the deeper AS2 station, where the M 2 tidal currents reach 30 cm s À1 at 20 m depth, and slow down to 10 cm s À1 at a depth of 180 m, while the phase-lag between the two depths is close to 180 , as also reproduced by the numerical model. Since AS1, AS3, and AS4 locations only monitor the upper 20 m layer of water, additional data and analyses are necessary to explain the complete vertical structure of the M 2 tidal currents in the whole deeper area of Algeciras Bay.
[16] Figure 4 shows the vertical profiles of current ellipse parameters at two stations over the Algeciras Canyon, one in the northern region close to the head of the Canyon (AC1) and the other further south over the Canyon (AC2). The corresponding results from the modeling experiment are also shown for comparison. Despite the quantitative differences between observed and predicted profiles (RMS errors of 4.3 cm s À1 for semimajor axes and 32.4 for phases at AC1, and 6.4 cm s À1 and 64.0 at AC2), the model seems to be capable of reproducing the observed near 180 phase shift with depth. At AC2, the model overestimates the current amplitudes by $6 cm s À1 on average, and the observed inclinations of ellipses are almost orthogonal to their predicted values. Differences in ellipse inclination and semimajor axis at AC1 and AC2 are attributable to local-scale topographic features unresolved by the model bathymetry, which are more determinant over the mouth of the Canyon due to the reduction of the flow characteristic length scale [see, e.g., Garc ıa-Lafuente et al., 1999; Allen and de Madron, 2009], as will be further discussed.
Vertical Structure of M 2 Currents in Algeciras Bay
[17] As can be seen in Figure 4 , two relative maxima for the current amplitudes are observed, one in the upper Atlantic and the other in the lower Mediterranean water layer, with a near-zero minimum at the interface. Correspondingly, there is a phase-lag of nearly 180 between the two layers, indicating the existence of a counter-current tidal system within the Bay. The tidal counter-current system becomes more evident in Figure 5 , which shows a time sequence of current velocity in the ebb/flood direction (flood positive), defined with an inclination of 25 (anticlockwise) with respect to the North direction, in a longitudinal transect running along the head of the Algeciras Canyon. Currents measured by the vm-ADCP (Figure 5 , left) are plotted together with the corresponding results from the numerical experiment for the same tidal stages (Figure 5, right) . The most striking feature seen in both observed and predicted data is the presence of the mentioned tidal counter-current system between the upper Atlantic and the lower Mediterranean water layers, so the maximum water inflow in one layer is close in time to the maximum outflow in the other layer, the velocity decaying to zero close to the interface between the two layers, at a depth of about 50-100 m. The quantitative and qualitative discrepancies between observed and modeled results (i.e., the phase differences present in some of the panels and the higher observed currents) are related to the effect of constituents other than the M 2 during the measurements, since they were made close to the spring phase of the tide [see Chioua et al., 2013] .
[18] Completing the description of this current system, we also studied the predicted depth-averaged velocity field through each water layer (Atlantic and Mediterranean), characterizing the separating interface as the 37.5 isohaline (except in those shallow areas with no Mediterranean layer, where the bottom depth was taken as the lower limit). The two-layer salinity structure is confirmed at the AC2 station as shown in Figure 6a , where three CTD sensors at different depths show clear tidal oscillations, with values ranging from 36.5 to 37.2 at 40 m depth, from 37.2 to 38.0 at 100 m depth, and from 38.0 to 38.4 at 175 m depth, which are reproduced by the M 2 model simulation with maximum RMS errors of $0.2 practical salinity units. This agreement is more evident in the mean salinity profile (time averaged over one M 2 cycle) at the same point. As can be seen in Figure 6b , small differences with respect to model results are obtained, taking into account the range of vertical variability involved.
[19] Now we can return to analyze the results for the predicted layer-averaged velocity field. Figure 7 shows the spatial fields of the predicted M 2 characteristics of the interface depth and the depth-averaged currents of both layers, in terms of their amplitudes and phase differences (leads) with respect to the free-surface elevation. As shown in Figure 7a , the M 2 amplitude of the interface depth oscillations increases toward the head of Algeciras Bay, from about 9 m at the mouth of the Bay to more than 20 m near the northern coast, while the phase reaches almost antiphase values with respect to the tidal elevation within the inner Bay. Correspondingly, the M 2 depth-averaged currents in the Atlantic (Figure 7b ) and the Mediterranean (Figure 7c ) layers have an opposing time pattern, the Atlantic and Mediterranean currents being in quadrature relationship with the tidal elevation and the interface depth, respectively. Hence, as the free-surface rises, the net flooding of the Bay is due to the inflow of upper Atlantic waters, which coincides with a simultaneous outflow of lower Mediterranean waters (mainly along the Algeciras Canyon), and consequently the thickness of the Atlantic layer increases and the interface is situated at a greater depth. Half an M 2 tidal cycle later, the situation will be the opposite. Observations ( Figure 5 ) and model results (Figure 7) show that the Canyon is efficient in intensifying and directing bottom tidal currents to the head of the Bay, as reported by Boyer et al. [2000] and K€ ampf [2007] .
[20] In addition to these characteristics, other particular features can be seen in the behavior of the structure of currents in Algeciras Bay. Considering Figure 7b once again, a weakening in the amplitudes of currents in the Atlantic layer is observed in the deeper areas over the Algeciras Canyon. This is accompanied by strong lateral gradients of phase toward the coastal margins, with spatial differences of almost 30
: although in deeper regions the differences of phase between tidal elevation and currents are close to 90 , in shallower areas the differences reach 120 . These differences in amplitudes and phases are related to the fact that maximum tidal currents in the Atlantic layer are closer to the surface. This is explained by the weakening of currents near the interface depth, due to the increase of shear dissipation related to the counter-current system already described. Therefore, lower velocities and greater phaselags are obtained when depth averaging in deeper places, where counter-current system is well developed, i.e., over the Algeciras Canyon.
[21] Continuing with the explanation of peculiarities in the M 2 tidal characteristics, a notable increase of the amplitude of M 2 tidal currents is detected in areas near the headland at the Rock of Gibraltar. In general, the presence of headlands influences the spatial structure of currents, forcing them to follow the coastal contours and increasing tidal currents due to volume conservation processes and irrotational flow trajectories around the headland. This interpretation is supported both by experimental data [Pingree and Maddock, 1979] and numerical models [Tee, 1976; Signell and Geyer, 1991] . In Algeciras Bay, the effect of the Rock of Gibraltar is no exception: irrotational flows around the headland are present in both layers, as well as an intensification of currents, reaching 30 cm s Thick black contour line: zero value (null current); thick black dashed line in predicted transects: interface depth (37.5 isohaline).
[22] In areas of Algeciras Bay that adjoin the Strait, different interacting patterns are visible. First, the dominant along-Strait tidal currents adjacent to the mouth of the Bay acquire a clearly observable across-Strait component, shown by an increase in the semiminor axes of tidal current ellipses, and hence decreasing their eccentricity. This is caused by the tendency of the Canyon to increase the ageostrophy of along-Strait tidal currents, evidenced by the appearance of an across-isobath velocity component. This effect of ageostrophy on tidal current ellipses has been reported by Quaresma and Pichon [2013] for different locations in the Iberian shelf. Second, within Algeciras Bay the tidal currents tend to follow the isobath contours, shown by the orientation of the semimajor axes parallel to the coastline. The resulting system is analogous to that described from field data by Hickey [1995] , as well as laboratory and numerical model results by Boyer et al. [2004] , Haidvogel [2005] , and Boyer et al. [2006] .
[23] Despite these peculiarities, results show a notable indication of a baroclinic standing wave pattern for the first internal tide mode, which is reported for other stratified bays and submarine canyons [Lee et al., 2009] . The baroclinic solution for the linear equations of momentum and continuity for a one-dimensional, two-layer, frictionless flow gives a rough estimation of the magnitude ratios and phase-lags between the upper limit displacement and depth-averaged currents of the two layers as 1 = 2 ' Àg 0 h 2 = g h 1 þ h 2 ð Þ ½ and u 1 =u 2 ' Àh 2 =h 1 [see, e.g., Gill, 1982] , where h i , i , and u i are, respectively, the mean thickness, upper limit displacement, and depth-averaged current for the upper (i ¼ 1) and lower (i ¼ 2) layers (so 1 is the free-surface elevation, and 2 the displacement of the interface over its mean depth Àh 1 ); g is the acceleration due to gravity ; and g 0 ¼ g 2 À 1 ð Þ = 2 is the reduced gravity, i being the water densities. This behavior, reproduced qualitatively by the numerical model results, characterizes the antiphase relationship of currents between layers and surface displacements by hydrostatic effects, indicated by the opposite signs of both sides of these expressions. Quantitatively, they imply interface displacements two to three orders of magnitude higher than those for free-surface elevation in Algeciras Bay, in accordance with the amplitudes of 1 ($30 cm) and 2 ($20 m) predicted by the model.
[24] The different nature of the M 2 tidal circulation in Algeciras Bay with respect to the Strait of Gibraltar is also highlighted by the Empirical Orthogonal Functions (EOF) analysis of the predicted M 2 currents at the control point AC2 within the Bay (Figure 8 ) and the comparison with the corresponding results for the Strait, over the representative Camarinal Sill location CS2. Although a direct identification of the EOF modes with the barotropic and baroclinic components of currents is not possible from this single analysis, differences between these two environments are evident. At the CS2 station, the first EOF mode, with high vertical homogeneity (and plausibly corresponding to the barotropic content according to Bruno et al. [2000] ), represents more than 90% of the total variance of M 2 currents. In contrast, at the control point in Algeciras Bay the situation is more complex: the first and third EOF modes, with changes in sign through the water column (and hence plausibly related to the baroclinic content) explain together about 75% of the total variance of M 2 currents. 
Implications for the Water-Exchange Processes
[25] The structure described above is the first step toward analyzing the water-exchange processes between the Algeciras Bay system and the outer Strait of Gibraltar. To this end, Figure 9 shows a time sequence of current velocity in the ebb/flood direction (defined as in Figure 5 ; flood positive) in a transversal transect through the mouth of Algeciras Bay, measured by a vm-ADCP (Figure 9 , left), together with the corresponding results from the numerical experiment for the same tidal stages (Figure 9, right) . Qualitative and quantitative differences between observed and predicted currents are mainly due to the near spring-tide phase during the experimental data acquisition, as previously commented. A mere visual inspection of Figure 9 reveals the two-layer dynamics in the mouth of the Bay to have a clear across-Bay structure, with simultaneous inflow/outflow occurrences within each layer. This structure is more evident in episodes close to the inversion of currents direction and is mainly related to the previously described lateral phase gradients and the along-Strait tidal currents from the Strait of Gibraltar.
[26] The water exchange between Algeciras Bay and the Strait of Gibraltar can be estimated from the complete sections at the mouth provided by the model. For each layer i (where i ¼ 1 for the Atlantic layer and i ¼ 2 for the Mediterranean layer as previously stated), the instantaneous net flow Q i is defined by
where u ? x; y; z; t ð Þ is the component of current velocity normal to the cross-section surface S i at the mouth of the Bay (the interface depth being the limit between S 1 and S 2 ), chosen for the inflow to be positive. Due to the three dimensionality of the structure of currents (which may imply simultaneous inflow and outflow at different places within each layer), the layer net flow will be the sum of the inflow Q þ i and the outflow Q
, which are calculated as:
[27] In Figure 10 , the predicted time series of Q i , Q þ i , and Q À i are plotted during one M 2 tidal cycle. Hence, the blue/red-colored curves account for the recirculation processes for each layer (simultaneous inflow and outflow), while the net volume changes inside the Bay are only due to the Q 1 and Q 2 flows (black curves). As a reference, the series of free-surface elevation and interface depth, both spatially averaged throughout the Bay's area, are also shown, identifying the tidal stages represented in Figure 9 . The situation shown by Figure 10 is analogous to the previously reported results from the spatial fields: a remarkable and necessary symmetry between the Atlantic and Mediterranean flows is clear, and the resulting instantaneous total net flow Q ¼ Q 1 þ Q 2 (not plotted) is one order of magnitude less than Q 1 and Q 2 : the maximum total flow Q is 3.2 Â 10 À3 Sv compared with 8.6 Â 10 À2 Sv of Q 1 and 8.3 Â 10 À2 Sv of Q 2 . The coincidence in time of the maximum Atlantic inflow (maximum Mediterranean outflow) with the Figure 7 . Predicted M 2 harmonic parameters for the twolayer system in Algeciras Bay: (a) amplitudes (left) and phase difference with respect to the free-surface elevation (right) for the interface depth, (b) current ellipse axes (left) and phase difference with respect to the free-surface elevation (right; symbols denote the direction of the ellipses: dots are phase origins, chosen to contemplate a flood situation in Algeciras Bay) for the tidal currents, depthaveraged over the upper Atlantic water layer, and (c) the same as in Figure 7b but for the lower Mediterranean water layer.
near-zero (rising) tidal elevation and mean (falling) interface depth (as well as the opposite situation half a M 2 period later) is explained by the antiphase relationship between the two layers, as described in the previous section.
[28] The inflow/outflow accumulated volumes of water in half a tidal cycle due to the calculated net flows are 754.0 Hm 3 for the Atlantic layer and 716.7 Hm 3 for the Mediterranean layer, which represent, respectively, 12% and 11% of the mean estimated total volume of Algeciras Bay ($6570 Hm 3 ). The recirculation flow in each layer can be calculated from the difference between the net flow and the inflow/outflow curves as
The time integration of Q r i implies that the recirculation volume represents 20.0% of the net inflow/outflow accumulated volume during half a M 2 tidal cycle (i.e., a flooding/ebbing episode) in the Atlantic layer and 30.5% in the Mediterranean layer. These results emphasize that the lateral phase gradients and ageostrophy at the mouth of Algeciras Bay affect the flow-exchange structure, although the net exchange processes are related to the two-layer baroclinic tidal dynamics, promoted by the presence of the Algeciras Canyon. Results also show the importance of the baroclinic pattern for the water-exchange processes between Algeciras Bay and the Strait of Gibraltar, and hence on the transport rates within the Bay, which are estimated to be 20 times higher when considering the baroclinic two-layer transport system.
[29] Regarding the time variability of water transport through the mouth of Algeciras Bay, Figure 10 [30] The higher flow amplitude of the M 8 constituent with respect to the M 4 and M 6 in both layers is notable. This may be explained as follows: the resonant period for the first baroclinic mode in Algeciras Bay can be estimated from a twolayer approximation as
, where L is the length of Algeciras Bay (about 9 km where the two layers coexist). This expression provides a value for T r of about 5.1 h, which is also supported by experimental data from the AC2 station. Figure 11 shows the spectrum of ADCP-measured horizontal currents at this location at a depth of 40 m, chosen because of the clearer nonlinear signal due to the weakening of the M 2 currents at this level. In order to obtain the highest resolution for frequencies, the number of frequency bands was the maximum allowed by the Nyquist criterion, according to the length and sampling interval of the time series, so the frequency step between bands was 8.32ÁÂ 10 À7 s
À1
. A clear peak of spectral density is present quite close to the estimated baroclinic resonant period of 5.1 h. To a greater or lesser degree, the same analysis of data from all ADCP cells gives similar results. Since the water flow gets a significant contribution from the nonlinear interaction between the current velocity and the M 2 oscillation of the interface depth (with a period T M2 ¼ 12.42 h), there will be a signal intensification at the frequencies resulting from the resonant
The period related to ! 1 is 3.6 h, which is quite close to the characteristic period of the M 8 constituent (3.11 h) and contributes to its relatively high flow amplitudes. In addition, the corresponding period for ! 2 is 8.6 h and could be related to the characteristic period of the M 3 constituent (8.28 h), which is also present in the results of the flow harmonic analysis, although having less relative amplitudes (4% of the M 2 flow) since its origin comes mainly from that nonlinear process. As was shown for the M 2 barotropic mode by Alvarez et al. [2011] , the model seems to be able to reproduce the resonant characteristics of the baroclinic M 2 dynamics in Algeciras Bay as well.
[31] For each water layer, the time-integrated net flows during a complete M 2 tidal cycle are not significant, which implies the net water exchange between layers by net residual advective vertical transport to be insignificant as well. This situation is consistent with the weakening of net vertical transports in stable stratified domains [see, e.g., Skliris et al., 2007] . According to Waterhouse et al. [2009] , a criterion for determining the strength of the advective regime in driving upwelling processes in canyons is the advective Rossby number. If it is greater than 0.2, there is a driving flow characterized by upwelling at the convergence of isobaths at the head of the canyon, and the flow in the upstream areas is not blocked. In contrast, such upwelling processes are not quantitatively significant in Algeciras Bay, due to the presence of coastal boundaries that prevent their development in the region where the isobaths converge at the head of the Canyon. Here, the calculated Rossby numbers are below 0.06 (compared with values of $0.3 present at the mouth of the Canyon) and net vertical currents are insignificant, in contrast with the net upwelling/downwelling processes observed in isolated canyons with no coastal blocking at the head [see, e.g., Hickey, 1997; Boyer et al., 2006] . However, the instantaneous vertical tidal currents reach values of 0.5 cm s À1 at some places within the northern-most part of the Algeciras Canyon, and the role of diffusive processes related to the internal waves field on the vertical transport may be significant, as established by Chioua et al. [2013] from field measurements.
Concluding Remarks
[32] In this paper, we have tried to gain insights into the M 2 tidal dynamics in Algeciras Bay and how these dynamics are related to those of the Strait of Gibraltar. The study has been conducted using a three dimensional, high resolution, baroclinic model, complemented, and supported by observational data. Results show that the barotropic characteristics predominant in the Strait of Gibraltar cannot be extrapolated into Algeciras Bay, where the effects of the water stratification on the tidal dynamics forced from the Strait generate current systems of clear baroclinic nature. While more than 80% of the M 2 tidal variance in the Strait of Gibraltar is barotropic and its dynamics is well represented by barotropic models, the situation in Algeciras Bay is determined by its baroclinic character. This conclusion is supported by EOF analysis, showing that at least 75% of the total variance of M 2 current velocity field in Algeciras Bay is plausibly related to baroclinic processes. The reasons for such a situation have to do with the semienclosed character of Algeciras Bay and the existence of a deep submarine canyon.
[33] The M 2 tidal currents in Algeciras Bay depend on the morphology of the Bay and on the water column stratification, as well as on the open boundary tidal forcing. This dependence, of course, is not exclusive to Algeciras Bay. In fact, its general behavior is quite well explained by the theory of two-layer tidal flow dynamics in stratified, semienclosed domains, and it has also been similarly described for other systems such as the Gareloch [Elliot et al., 2003] , the Gaoping submarine canyon [Lee et al., 2009] , and Liverpool Bay [Palmer, 2010] . However, the deep central canyon of Algeciras Bay strengthens the baroclinic tidal regime since it allows the full development of the vertical stratification structure in the water column. This results in the presence of strong lateral gradients of phases and amplitudes of Atlantic water tidal currents toward shallower areas. Although the tidal flow structure in Algeciras Bay is affected by this lateral variability, as well as the barotropic circulation from the Strait of Gibraltar, the net water exchange processes are mainly determined by the two-layer dynamics related to the strong baroclinic tide, promoted by the presence of the Algeciras Canyon. Results, therefore, imply a qualitative particular behavior of Algeciras Bay with respect to the predominantly barotropic regime of the Strait of Gibraltar.
[34] The present work focuses on the analysis of tidal currents in Algeciras Bay related to the constituent M 2 for representative stratification conditions. Other factors not considered in this study, as the spring/neap tide episodes and the seasonal variation of the water stratification structure, could imply certain deviations from the mean situation presented here, as shown by Tsimplis [2000] and Vargas et al. [2006] for the adjacent areas of the Strait, and these will be analyzed in future research. However, the numerical model has demonstrated its ability to reproduce the particular M 2 tidal dynamics in Algeciras Bay as a part of the general system constituted by the Strait of Gibraltar, supported by observational data. This structure of tidal counter-currents explains the high renewal rates existing in Algeciras Bay, in spite of the apparent weakness of the tidal influence when considering only the tidal range. These results also highlight the importance of coastal submarine canyons in cross shelf-break exchange, in accordance with Hickey [1995] and Allen and de Madron [2009] . The value of recognizing and understanding these processes in such a heavily populated, industrialized Bay with its harbors, ports, and dense maritime traffic, becomes evident.
